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Some two decade* ago, one of us 
had the occasion to offer some 
thoughts as to the history, cur* 
rent status, aiud future prospects 
of natural products-targeted synthesis 
(1). We would stfl] argue that the 
launching point of this field can reaJly 
be discerned, in retrospect, with the 
announcement of Bachmann and col- 
leagues (2) at the University of Michi- 
gan That they had indeed accomplished 
the total synthesis of the equine-derived 
steroid hormone equilenin. Thus it was 
shown that the sophistication of organic 
chemistry had reached the point where 
it could deal with materials of ibis level 
of complexity, Tliat eqtnlenin was a 
member, albeit not a ranlcing member, 
of the then emerging field of steroid 
hormones certainly added to the luster 
of the accomplishment. 

The development of the field of oatu- 
ral product-oriented total synthesis 
postequilcnio exceeded the expectations 
and imagination of even its most ven- 
turesome enthusiasts. Who could have 
believed that in a matter of 65 years one 
could have advanced from equilenin 
(Pig. 1) to the point where a total syn- 
thesis of ciguatoxin (3) has recently 
been accomplished? That this lewel of 
advancement has been achieved is a 
confluence of many factors, Needless to 
say, first and foremost, the extraordinary 
progress can be traced to advances in 
synthetic nieihodology often discovered 
in the cootext of studying a particular 
transformation type rather than toward 
a well defined target molecule. Indeed 
there has been genuine progress at the 
level of synthetic strategy. 
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Certainly, the ways in which we look 
at problems in synthesis are much more 
sophisticated and polydiraensional than 
was the case preequilenin. Moreover, 
synthetic strategy benefits enormously 
from spectacular advances in organic 
chemistry with particular emphasis on 
stereochemistry. Strategy in the field of 
synthesis has been of unique value in 
the growth of the science of chemistry. 
At its best, it goes beyond probing the 
depth of our current reservoir of knowl- 
edge. At its best, strategy asks the ques- 
tion 'Vhax if." It suggests new horizons 
Co which we can aspire if the methodol- 
ogy can be developed. The creative and 
synergistic interplay between strategy 
and methodology has brought us to the 
point where we can sensibly aspire to 
the synthesis of ajny new structure 
(within reason) that we can conceive 
totally independently or through hints 
from natural sources. 

Where do we go from here? Of 
course, there are many unsolved prob- 
lems out there and new, challenging 
targets are emerging codtinuously. Al- 
though such problems seem to be solv- 
able in principle, it is well to be clear- 
headed that many of these goals are 



accomplished only after the utmost of 
travail and improvisation. Each solution 
to a difficult total synthesis problem 
constitutes, in csffect, a tangible advance, 
which will, at some level, influence fu- 
ture thought processes and action plans. 

We wouJd posit, with even greater 
confidence than was asserted two de- 
cades ago, that with this new power in 
complex molecule synthesis (natural or 
unnatural total synthesis) comes major 
new opportunities. The field is well posi- 
tioned to go beyond the classical-type 
challenge of reaching a fixed structural 
target. A particularly exciting possibility 
arises from drawing inferences from 
molecules first encountered from natu- 
ral sources to design structures of poten- 
tially higher value. 

Given appropriately inspired problem 
selection, in concert with the powers of 
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total synthesis, the chemist whose curi- 
osity remains robust can enter a whole 
and thus tar uncharted universe. Hope- 
fully in this now newly accessible space, 
the chemist in coUaboratioa with Other 
scientists can explore problems that 
could noc have been imagined earlier. ^ 
Synthesis allows us to merge the chemi- 
cal and biological wisdom of the evolu- 
tionary £<)rces that fashioned the 
kingdom of natural products with the 
unfettered imagination of the human 
mind. Chemical synthesis emerges as the 
"eoabler" by which sxich synergies lead 
to evahiatable compounds, hopefully in 
a homogeneous state. In iliis article on 
the occasion of the much welcome fo- 
cused PNAS initiathre into chemical syn- 
thesis we describe such a problem and 
its solution. 

Carbohydrate-Based Cancer Vacdnes 

After the first reports of carbohydrate- 
based structures associated with trans- 
formed cells, research htiis been aimed at 
developing cancer vaccines that focus on 
such moieties. These caibohydtate 
epitopes, overexpressed on the surfaces 
of cancer celU, may evoke a B cell re- 
sponse when introduced in an appropri- 
ate fashion to a host's immune system 
(4, 5). The antibodies oroduced could 
seeV to recognize and bind to these an- 
tigens, thus initiating various cascades 
hofrtsfiilb^ culminating in some level of 
immune-based selective elimination of 
cancer cells. Since the target cells in- 
clude micrometastascs and circulating 
tumor cells, this type of therapy would 
be adjuvant in nature and would serve 
the purpose of acting against tumor mc- 
tastaeis after primary therapy (chemo- 
therapy, radiation, tumor extravasation) 
has relieved tumor burden. 

In the past two decades, research has 
focused on many aspects of vacdne con- 
struction: choice of antigen (6), develop- 



ment of procedures for the synthesis (7) 
or isolation of antigens, conjugation to 
an appropriate immunogenic carrier (8), 
and selection of immunological adjuvant 
for coadministration (9). The first-gen- 
eration totally synthetic anticancer vac- 
cines evaluated for their immunogenicity 
in human clinical senlngs were mono- 
meric in nature, i.e., containing a single 
carbohydrate antigen appropriately con- 
jugated to a carrier protein (Fig, 2). The 
carbohydrate antigens were ^thesized 
with an allyl or pentenyl ^cosidic ap- 
pendage at the oligosaccharide reducing 
end that cotild be converted to an alde- 
hyde for subsequent use in attachment 
to the immunogenic protein. Hexasac- 
charide Globo-H, first synthesized in 
1996 (10) and the most advanced mono- 
meric vaccine, has been involved in clin- 
ical trials investigating treatment for 
cancers of the breast, prostate, and 
ovary (11-13). It is currently projected 
for a phase II/Hl clhucal trial against 
breast cancer. Similarly, this approach 
was also successful for constrvcting vac- 
cines containing oligosaccharide anti- 
gens such as Fucosyl GMl (L. M, Krug, 
G, Ragupachx, C. Hood, M, G. Kris. 
V. A. Miller, J. R. Allen, S J.K., S.J.D., 
J. Gomez, L. Tjrson, ti td., unpublished 
work). Lewisy (tey)> and KH-1 (12). 

We then turned our attention to vaC' 
cities comprised of smaller carbohydrate 
antigens (e^g., mono- and disaccharides), 
those typically associated with mucins. It 
was determined that multiple repeats or 
clustering of the carbohydrates was re- 
quired for a robust and efficient im- 
mune response to be generated (14). 
The cassette approach to the synthesis 
of these antigenic glycos^tonino acids 
allowed for facile construction of the 
requisite glycopeptides. Single^aniigen 
vaccines, derived from both clustered 
(multiple copies of the same antigen 
displayed on a peptide backbone) and 
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nonclusteied (single copy of an antigen) 
carbohydrate antigens have been investi- 
gated for use in a variety of indications 
such as breast (IS), prostate (11. 12, 15), 
and ovarian (16) cancers as well as small 
cell lung carcinoma (L. M. Krug, G. Ra- 
gupathi, C. Hood, M. G. Kris, V, A. 
Miller, J. R. Allen, SJ.IC, S.J.D., J, Go- 
mez, L. Tyson, et al, unpublished work 
and ref. 17). Althougji numerous vac- 
cines of this type are being tested and 
are advancing through Clinical trials, 
they arc not directed to the multipHcity 
of antigens present in even a particular 
cancer type. With a view to maximisitig 
the effectiveness of carbohydrate-based 
cancer vaccines we have undertaken re- 
seart^h aimed at the synthesis and evalu- 
ation of vaccine constructs targecing 
several tumor-associated antigens 
simultaneously. 

Transformed ceils harbor a varying 
degree of heterogeneity in regard to the 
type and distribution of antigens ex- 
pressed on their surfaces (18, 19)* Both 
the variety and quantity of antigenic 
expETcssion on cells may vary and fluctu- 
ate according to the different stages of 
cellular development- The inclusion of 
additlonttl carbohydrate antigens dosely 
associated wititi a particular cancer could 
well increase the percentage of cells 
targeted. 

One could imagine two scenarios for 
impJcmentiitg this idea of multiantigenic 
vacdnes. The first approach, termed poJy- 
valentp involves the administration of a 
mixture of existmg monomeric (eiiher 
clustered or nondustered) corrugate vac^ 
does (9, 20). Polyvalent vacdnes arc not a 
new idea, and outside the cancer field 
they have been used extensively, te., bac- 
terial vaccines (21, 22). Preclinical trials 
concerning cajbohydraie-bascd antigens 
for the treatment of cancer have demon- 
strated the viability of this method. Re- 
gardless of the mixing method and 

Keding and Danlshsfsky 
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Fi9. 3. Proof of principle: b uftimolecular multivalent vaoclne ContainiPkSr three drfferent tumtrr- 
assodtfced carbohydrate antigens. 



injocticm site, when ccwKlministercd with 
QS-21 or GPI-OlOO adjuvant, these vac- 
ciines have elidied &n immune response in 
which antibodies ote produced that bind 
tihie antigens of interest as well a$ tumor 
ceOS that specifically express those caibo* 
hydrate antigens. 

Although this approach seems attrac- 
tive, its implementation must address 
several issues. First, the potential conse- 
quences of increased levels of carrier 
protein must be evaluated (23, 24). Ad- 
ditionally, from a regulatory peTspectivt, 
ot^e would need to obtain vahdation for 
each individual component of che poly- 
valent vaccine "mxjaare." Prom a syn- 
thetic perspective, there are further 
disadvantages , In addition to synthesis, 
each carbohydrate antigen intended for 
inclusion would stiD require the often, 
low-yielding conjugation to carder pro- 
tein. A better alternative, and perhaps a 
more attractive vaccine, could arise 
frotn a unimolecular multivalent con- 
strue: consisting of ratdliple carbohy- 
drate antigens displayed on a single 
molecule that would undergo a single 
conjugation Step to a carrier. Althou^ 
a presumably low-yielding conjugation is 
sull required, there is only one conjuga- 
tion for the entire vaccine that is neces- 
sary, not one for each component. 
Moreover, this consolidation may also 
serve as an avenue for solving the po- 
tential for adverse untnune suppression 
caused by carrier protein (25). A unimo- 
lecular trivalent vacdne shown (1, Fig. 
3) has served as proof of principle fot 
this approach (2^. This vacdne, consist- 
ing of three different carbohydrate anti- 
gens (Tn, Le^, and Globo-H) displayBd 
on a peptide backbone comprised of 
nonnatural amino adds, was able to 
elicit an immune response in murine 
hosts (27). ELlSA-based antibody titers 
were found for each of the three differ- 
ent antigens. Additionally, fluorescence- 
activated cell sorting assay showed 
significant IgM reactivity and low IgG 
teaaivity against MCP-? cdls and mod- 
erate reactivity against I^C cell lines. 

Keding and DAAislieYik/ 



The presence of multiple carbohydrate 
epitopes in the construct did not appear 
to suppress ±e response against any of 
the constituent antigens. According, 
we undertook to construct and evaluate 
a unhnolecular muliiantigenlc vacdne 
for USB against a specific type of cancer. 

Prostate cancer provides a unique op- 
portunity for us to explore the edicacy 
of multivalent vacdncs since we have 
Siynthetic access to several of the differ- 
ent carbohydrate antigens that are 
associated with it. Many of these single- 
antigen vaccines have been induded in 
early clinical trials with success. Tumors 
isolated from prostate cancer tissue col- 
lections haye shown that the gatlgJio- 
sides, GM2 and Globo-H, along with 
the blood group-related andgcns, STo, 
Tn, TF, and Ley, are found in abun- 
dance on the ceU surface and to a lesser 
degree so are the and sialj^ Le* an- 
tigens (18, 19). We have designed two 
multivalent conjugate vaccines (3 and 5, 



Fig. 4) for prostate cancer that include 
five different carbohydjate antigens: 
Globo-H, STn, Tn, TF, and Le^. We 
hoped to evaluate as potential immune 
carriers, the protein keyhole limpet 
hemocyanin (KLH) (28) and the maao- 
lipid ^:.A-pahmtoyl-.S-{2>3-bis(pahnitoy- 
loxy)-(2i?5)-propyl]-L-cysteinft 
(PamsCys) (29), Although KLH, a mo)- 
luscan protein, has been used extensively 
in many vacdnes and provides for a fa- 
vorable imn>une response (30), the 
PamsCys lipid, a known potent B cell 
stimulant, has only been minimally eval- 
uated in preclinical and clinical settings 
(15, 31). 

The strategy envisioned for the con- 
struction of the multivalent vacdnes 
would require the fashioning of a pool 
of glycosylamino adds in which the car- 
bohydrate entities vrould be completely 
protected and the amino terminus 
blocked with the f luorenyhnethyl car- 
bamate (Pmoc) group. Solution-phase 
Fmoc-based peptide chemistry would be 
used to assemble the glycopeptide, and 
ihe attachment of a linker domain fol- 
lowed by global dcprotection would af- 
ford a vacdne construct that could then 
be conjug£^xed to a carrier protein or 
lipid. There are currently three method^ 
ologies (Fig. 5) developed in our labora- 
tory to construct the aforementioned, 
suitably protected glycosylamino acids. 
Starting from a pentenyl glycoside 6, 
ozonolytic cleavage of the terminal ole- 
fin followed by treaonent with dimethyl 
sulfide produces an aldehyde 7. After 
reaction with phosphonate amino acid $ 
m a Homcr-^Enunons reaction, a dehy- 
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Rg. 4. MuKfvalent vacdnes designed for use in pr05tste cancer. 
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droamino acid 9 is generaied (26). En- 
antiosclective reduction of the olefin in 
the pte&ence of a cliiral, nonracemic 
rhodium catalyst followed by protecting 
group manipulation provides the desired 
^ycosylamino ocids 10. Similarly, when 
SiHyl glycosides 11 are used as starting 
materials, an olefin cross-metathesis 



(using catalyst X2 and allyJ glycine 13) 
followed by reduction of olefin 14 and 
benryl ester hydrogenolysis results in the 
same type of glycosylamino add (32). 
The third method we use allows for in- 
troduction of the amino acid functional- 
ity directly starting from ^ycal epoxide 
or trichloroacetimidate carbohydrate 



donors 15 by coupling with hydroxynor- 
leudnc 16 in the presence of a Lewis 
acid (33, 34). Regardless of the method 
used for introduction of the amino acid 
moiety, all of the resultant glyco- 
sylamino acids contain a four-carbon 
methylene side chain connecting the 
peptide backbone lo the carbohydrate 
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antigen. It shouW also be noied ihat 
carbohydrate domains depicted in Fi^ 3 
may consist of a single monosaccharide 
or a complex oUgosacchartde. 

Materials and Methods 

Synthetic procedurBs describing the pep- 
tide couplings, deprotection reactions, 
and conjugation methods shown in 
Schemes 1 and 2 are detailed in Sup' 
porting Methods, which is published as 
supporliog information on the PNaS 
web site. 

Results 

The five glycosylamino acids were ob- 
tained by using the three methodologies 
described above. The a-Jinked glyco- 
sylamino acids (Jn, TF, and STn) were 
synthesized by using the hydxoxynor- 
leucine casseite approach (33, 34). LeT 
glycosylamino acJd was obiained from 
the w-pentenyl glycoside methodology 
(26), and Globo-H gtycosylamino acid 
was obtained from ihe cross-tnetathcsis 
reaction protocol (32). The peptide se- 
quence wc chose for the vaccine synthe- 
sis was based on the comple>nty of the 
carbohydrate antigens, which resuhed in 

Keying &rtd Danbhef^ky 



the Tn glycosylamino add being at the 
C ternunus of the glycopepride followed 
by TF, STn, 1^, and finafiy Globo-H at 
the N terminus. The Tn ^cosylamino 
acid 17 was first coupled to wrt-butyl 
A?-(3-aminopjfopyl) carbamate 18 to pro- 
vide 19. The diaminopropyl unit serves 
as a partial (inker that is further elabo- 
rated before the conjugation Step. 19 
was then elongated CO the pentapeptide 
20 via iterative Fmoc deprotection and 
coupling reactions (Scheme 1), The 
coupling steps for the mono- and disac- 
charide antigen amino wads were 
mediated by dimethylaminopropylethyl 
carbodiimide hydiochloride/l-hydroxy- 
benzotriazole, whereas the more 
sterically encumbered ones used 
£>-(7-dzabenzotriazoM-yl)-^JV^'*A^'- 
retramcthyluronium hcxafluorophos- 
phate /l-l^drosr/-7-aza-benzotria2oIe 
coupling reagents. Each deprotection 
and coupling step proceeded in >75% 
yield with the overall yield for nine 
cransformations being 28%. Modifica- 
tions at the N and C termini of the 
peptide invohed, respectively, Fmoc 
deprotection and capping with an acetyl 
group and then add-mediatcd Boc 



cleavage generated glyoopepiide 21, 
which required further derivatization 
commensurate to conjugation. 

For the KLH conjugate vaccine, the 
primary amine from the aminopropyl 
linker of giycopeptide 21 was treated 
with 5-acetyltluoglycolic acid pentaflu- 
orophenyl eater 22 to install the pro- 
tected thiol functionality (Scheme 2). At 
this juncture, the remaining steps neces- 
sary were shedding Of the protecting 
groups and conjugation to the carrier 
protein. A two-step global deprotection 
facilitated the hydrolysis of aU 47 block- 
ing groups. Treatment of 23 vrith aque- 
ous sodium hydroxide in methanol 
initially at 0*C and then at room tem- 
perature resulted in release of aU of the 
protecting groups except for the benzo- 
ate and one undetermined acetate. The 
rwo hydroxyl groups that still remained 
in protected form were bT?erat6d by sub- 
sequent treatment with hydrazine. After 
derivaiization of KLH with m-maleim- 
idobenzoyl-/^-bydroxysuccinimide 24, 
the thiol handle on the glycopeptjde 
added, in a presumed Michael fashion, 
to the loaaleimide (35). The ratio of giy- 
copeptide-to-protein fbr conjugate vac- 
cine 3 was determined to be 228;1. 
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The lipid conjugation route com- 
menced from 21, vith sequential pep- 
tide coupling and Fmoc deblocking 
xeactions, that installed alanine and 
seritie-O-fcrr-butyl amino acids. Acid- 
mediated removal of the rtfrr-butyl ether 
followed by global deproteaion pro- 
vided the penultimate construct 4. The 
final step occurred when the free amine 
was treated with an excess of the acti* 
vated PaaisCys pentafluorophcnol ester 
25. The unreactcd lipid was simply re- 
moved from the desired vaccine conju- 
gate 5 by extraction with organic 
solvent. 

Discussion 

Fully synthetic anticancer vaccines de- 
rived from entirely synthetic carbohy- 
drate antigens hafve allowed for multiple 
preclinical and clinical trials to be un- 
denalcen and successfully completed (6). 
Since the natural abundance and avail- 
ability of some Of the key antigens is 
limited to minute nonusable quantities 
[the first isolation of the hexasaccharide 
Globo-H from tissue collection pro- 
duced submilligram qxiantities of pure 
product (36, 37)], synthesis has dearly 
emerged as a key force m the evolution 
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of oligosaccharide-based cancer vac- 
cines. After advances in carbohydrate 
synthesis, such as are described herein, 
hundreds of milligrams of erstwhile rare 
antigens can be assembled in a viable 
time frame. With a wealth of carbohy- 
drate chemistry uansformadons from 
which to choose, numerous complex car- 
bohydrates armed with amino acid func- 
tionality at the reducing end give rise to 
valuable glycosylamino acids building 
bloclcs. The resulting antigen monomers 
are of value in the modular construction 
of different vaccines. We have iUus- 
trated in our previous proof Of principle 
work (26, 38) and here thai we can as- 
semble these glycosylamino acids into 
gjycopeptides. It has also been shown 
that these glycopeptides, when conju- 
gated to an immunogenic carrier and 
introduced with an adjuvant, can induce 
an immune response (27). 

The prostate cancer vaccines illus- 
trated here, which contain five different 
carbohydrate antigens, demonsiraie that 
the methods for making these types of 
molecules are robust. The yields for the 
coupling and deprotedion steps in the 
giycopeptide synthesis are high and the 
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pounds. This result is remarkable given 
that some of glycosylamino acids axe 
quite sterically hindered and extraordi- 
narily complex. Although the focus of 
this vaccine was primarily prostate can- 
cer, it will be appreciated that this ap- 
proach could be targeted toward other 
caaocis. From Our library of carbohy- 
drate antigen-containing amino adds, 
vaccines for other cancers can be built 
in a modular fashion. Wc note in a 
more futuristic spirit that* in time, this 
approach could be apphed to create 
tailor-tnade patient-driven cancer vac- 
cines provided chat rapid, automatable 
determinations of antigenic cell surface 
populations could be achieved. 
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